Resonant Raman scattering spectra of glass-embedded CdS 1−x Se x nanocrystals are measured and complemented with TEM and optical absorption as well as photoluminescence data. The selectivity of the resonant Raman process not only for the size, but also for the composition of nanocrystals within the ensemble, is directly observed in the dependence of phonon band frequency, linewidth and shape on the excitation wavelength.
Introduction
Diffusion-limited growth from a supersaturated solution in a glass matrix is probably one of the most established ways to obtain semiconductor nanocrystals (quantum dots), and among these glass-embedded CdS 1−x Se x quantum dots undoubtedly belong to the most extensively studied [1, 2] . Besides the traditional use as optical cut-off filters, they have also found applications as non-linear optical devices ( [1] and references therein), and, in particular, as active optical emitters in three-dimensional optical cavities called photonic dots and consisting of micrometre-sized glass spheres [3] . Shape, chemical composition, average size and size dispersion of nanocrystals are the main parameters determining their properties. Imaging by high-resolution transmission electron microscopy (HRTEM) provides direct evidence for an almost spherical shape of CdS 1−x Se x quantum dots grown in borosilicate glass and enables their size and size dispersion to be evaluated [4] [5] [6] . The average size can be also estimated from small-angle x-ray scattering [5, 7] or optical absorption spectra [8, 9] . Chemical composition of semiconductor-doped glasses was in earlier papers determined by wet-chemical and x-ray fluorescence techniques. However, such analysis yields the amount of Cd, S and Se not only in the quantum dots but in the entire glass and cannot be used to determine the nanocrystal stoichiometry [10] . Determination of lattice parameters based on the analysis of x-ray diffraction data enables the average nanocrystal composition x to be estimated with the uncertainty of about 0.04 [10] .
Raman spectroscopy is a fast and non-destructive technique for the estimation of the glass-embedded nanocrystal composition (from the optical phonon frequencies) [11] and size (from the frequencies of confinement-activated acoustic phonons) [5, 7, [12] [13] [14] . A number of detailed studies were devoted to specific broadening and asymmetry of the optical phonon bands in the Raman spectra of CdS 1−x Se x quantum dots, explained by the increasing role of surface phonons [15] [16] [17] [18] [19] [20] as well as by confinement-induced scattering by phonons with non-zero wavevectors [16, 17, 19, [21] [22] [23] . Two more factors which can result in increasing phonon frequencies in the Raman spectra of CdS 1−x Se x nanocrystals are compressive strain arising from the glass matrix pressure [24, 25] and diffusion of zinc from the matrix to the nanocrystals in zinc-containing matrices [26] [27] [28] [29] [30] .
CdS 1−x Se x quantum dots, grown in glass matrices, are characterized by fluctuation of both size and composition. The effect of disorder, induced by nanocrystal size fluctuations, on the Raman spectra was discussed in [31] . The size dependence of the Raman low-frequency scattering spectra from CdS nanocrystals was studied in [14] using different laser wavelengths for excitation to provide resonant scattering conditions. Resonant techniques are promising for the investigation of dilute systems like glass-embedded nanocrystals not only because they take advantage of the difference between the nanocrystals and the host matrix but also due to the sensitivity to the nanoparticle parameters. A detailed analysis of the resonant Raman scattering cross-section in CdSe quantum dots has shown that the main contribution to Raman scattering arises from the crystallites whose sizes favour incoming and outgoing resonance conditions [21] . It seems to be reasonable that in CdS 1−x Se x nanocrystals resonant Raman scattering should be sensitive not only to the size of nanoparticles, but also to their composition. However, as far as we know, no experimental observations of compositional dispersion of glass-embedded CdS 1−x Se x quantum dots by resonant Raman scattering have been reported so far.
Here we present the experimental results of resonant Raman scattering of CdS 1−x Se x quantum dots in a borosilicate glass matrix providing evidence for both size and compositional selectivity of the spectra recorded at different excitation conditions. Raman data are complemented with HRTEM images, optical absorption and photoluminescence spectra.
Experimental details
The investigated samples were CdS 1−x Se x nanocrystals, embedded in borosilicate glass matrix commercially available as Rubin cut-off filters of various modifications. The quantum dots were grown by the conventional technique of solid-state precipitation, similar to the method described in [4, 6, 10] .
A set-up based on a LOMO DFS-24 double-grating monochromator with an FEU-136 phototube and Ar + laser operating at 488.0 and 514.5 nm was used for conventional resonant Raman scattering measurements. A Dilor XY 800 triple monochromator equipped with a CCD camera and a Kr + laser operating at 482.5 and 647.1 nm was employed for both conventional and micro-Raman measurements. The micro-Raman set-up enabled the exciting laser light to be focused to a 1 µm spot. The spectral resolution in all cases was within 2.5-3 cm −1 .
TEM preparation of the samples for microstructural investigations was performed following the procedure given in [32] including mechanical pre-thinning with a tripod grinding tool before being thinned to electron transparency by final ion etching in a Baltec RES 010 ion etching system. TEM measurements were performed using a Philips CM 20 FEG 200 keV transmission electron microscope equipped with a Gatan GIF imaging filter.
Optical absorption spectra were measured using a LOMO MDR-23 monochromator and an FEU-100 phototube with a resolution better than 2 nm.
Steady-state photoluminescence measurements were performed with a Shimadzu RF-5001PC spectrofluorimeter with appropriate spectral widths of the excitation (better than 5 nm) and emission (better than 20 nm) channels. Prior to carrying out steady-state photoluminescence experiments the spectrofluorimeter was calibrated for the spectral response of the detection channel against a set of fluorescence standards according to the procedure described in [33] . For samples with low (below 0.1-0.3) optical densities at the excitation wavelength the photoluminescence measurements were carried out in a transmittance geometry with an angle of ∼45
• between the excitation and detection directions. For samples with higher optical densities at the excitation wavelength, the measurements were performed in the reflection mode with an angle of ∼30
• between the excitation and detection directions in order to avoid or minimize the reabsorption influence on the blue side of photoluminescence spectra.
All measurements were performed at room temperature.
Results and discussion
First-and second-order Raman scattering spectra of the glass-embedded CdS 1−x Se x nanocrystals are shown in figure 1 . This system of solid solutions is known to possess twomode behaviour, i.e. the first-order Raman scattering spectrum of a mixed crystal contains both CdS-and CdSe-like phonons [34] . As seen from the figure, the observed divergence of the CdSe-like LO 1 and CdS-like LO 2 phonon bands is accompanied by the decrease of the LO 1 phonon intensity and the increase of the LO 2 phonon peak. Simultaneously in the secondorder spectrum the weakening and downward shift of 2LO 1 bands (from 410 to 389 cm −1 ) is observed along with the increase of LO 1 + LO 2 (near 490 cm −1 , strong only for the samples with comparable content of S and Se) and (later) 2LO 2 phonon bands. The latter also exhibits an upward shift from 569 to 594 cm −1 . This behaviour of Raman lines is due to the variation of the average composition of the quantum dots which can be estimated from the Raman spectra. For this purpose we plotted the difference of the CdS-like and CdSe-like LO phonon frequencies ω 2 -ω 1 along the known reference plot based on the results of [11] complemented with those of other authors [20] (figure 2(a)). Note that plotting the LO phonon frequency difference significantly reduces the errors of x determination resulting from the glass matrix pressure as well as possible systematic instrumental errors. The applicability of such a method for the determination of CdS 1−x Se x nanocrystal composition in a broad compositional range was shown in [11] and its accuracy is estimated as 2-3%, being somewhat lower for the compositions close to CdSe and CdS due to the weakness of one of the phonon bands [11, 35] . As seen from figures 2(b) and (c), the experimental values of the CdS-and CdSe-like LO phonon frequencies in most cases are in agreement with the reference plot. Near x = 0.5 (OS-13N, OS-14N, and KS-10B samples) the observed frequencies are slightly (by 2-3 cm −1 ) higher than the expected values. This can, in our opinion, be related to incorporation of zinc from the matrix into the nanocrystals during the diffusion-limited growth process. The zinc content in the nanocrystals can be estimated similarly to our earlier paper [30] and for the samples under investigation it does not exceed 5%. Optical absorption and photoluminescence spectra of glass-embedded CdS 1−x Se x nanocrystals, shown in figure 3, enabled us to obtain the energies of the electronic transitions in the nanocrystals. The maxima in the absorption spectra above the edge correspond to the confined electron-hole pair transitions in a spherical semiconductor quantum dot with a radius not exceeding the exciton Bohr radius. Using the assumption of the real part of the dielectric constant of the quantum dots as well as the oscillator strength per state being size independent, the effective-mass model gives the following expression for the energy position of the absorption maxima [36, 37] : The compositions of the CdS 1−x Se x quantum dots, determined from Raman scattering, as well as their average radii, derived from the measured absorption spectra, are listed in table 1. One can see that the estimated radii are in good agreement with data obtained by HRTEM (see figure 4) which also clearly show the near-spherical shape of the nanocrystals in the host matrix. Note that obtaining HRTEM images was strongly encumbered by strong charging of the sample and waggling of the pattern. The good agreement of HRTEM and absorption results shows, similarly to [8] , the absorption-based method to be quite reliable for the estimation of the average size of II-VI semiconductor nanocrystals dispersed in a dielectric matrix.
The appearance of the observed photoluminescence spectra is rather typical for the glassembedded CdS 1−x Se x quantum dots. In almost all cases two broad peaks are observed, the position of one of them (1.85 eV) being practically the same for all samples, independent of their absorption edge position, nanocrystal average size and composition. This luminescence band is usually associated with deep trap states in the nanocrystals like surface defects, sizesubstituted impurities or vacancies [10, 40, 41] . In samples with sulfur-rich nanocrystals another broad mid-gap luminescence maximum is observed at 2.0-2.2 eV (see figure 3 , solid curves). For the samples with higher selenium content the observed higher-energy maximum in the photoluminescence spectra corresponds to the near-edge emission, also observed in [40, 41] . However, one should mention that the earlier papers reported the luminescence spectrum without references to correction for the spectrometric set-up sensitivity profile. Meanwhile, such correction, if performed, indicates an intense emission band centred in the near-infrared spectral range and smearing of the maxima in the range of 1.8-2.4 eV (dotted curves in figure 3 ). This can result, in particular, from the increase of the correction uncertainty for the low-energy part of the luminescence spectrum due to the ratio of a low signal to a low sensitivity factor which is related to the lack of suitable photodetectors for this range. The detailed discussion of the photoluminescence spectra of CdS 1−x Se x quantum dots will be given in a forthcoming paper. However, it should be noted that in some cases luminescence, the intensity of which is known to exhibit resonance behaviour [40] , strongly encumbered Raman signal detection at certain excitation wavelengths.
In most cases the shape of the observed LO phonon bands in the Raman spectra of the glass-embedded quantum dots is typically asymmetric with a more pronounced low-frequency side (figure 1). This fact is usually related to several effects. The nanocrystal size results in an increasing contribution of scattering by surface phonon modes below the corresponding LO phonon frequencies [15] [16] [17] [18] 42] . Raman scattering by nonzero-wavevector phonons arising from the relaxation of selection rules due to phonon confinement leads to the downward shift of the phonon bands accompanied by asymmetric broadening [43, 44] . On the other hand, the effect of compressive strain in the nanocrystals due to the host matrix pressure estimated to be about 0.5 GPa [37] [38] [39] can result in an LO phonon frequency increase by about 1% [27] . This correlates with the experimentally observed values of pressure-induced LO phonon frequency shift in borosilicate glass-embedded CdS 1−x Se x quantum dots of 5 cm −1 GPa −1 [40, 41] . Finally, the Raman lineshape can be considerably affected by compositional disorder resulting from the spread of the CdS 1−x Se x nanocrystal composition within the ensemble.
The detailed analysis of the effects on the Raman lineshape of CdS 1−x Se x quantum dots embedded in borosilicate glass reveals that for the nanocrystal size range under investigation the predominant contribution to the Raman line asymmetry arises from surface phonons [20] . The performed calculations show that the confinement-related nonzero-wavevector phonon contribution to the Raman spectrum becomes significant for considerably smaller CdS 1−x Se x nanocrystals. Hence, each observed first-order Raman spectrum can be simulated by superimposing two relatively narrow 'bulk' CdSe-like LO 1 and CdS-like LO 2 phonon peaks and two broader surface bands at frequencies somewhat below those of the 'bulk' phonons. This is important for the analysis of the band halfwidths.
In some cases the Raman spectra showed a dependence on the excitation wavelength. For instance, for the sample labelled YS-18N (x = 0.25) the LO 1 and LO 2 bands observed at the excitation with 482.5 nm laser light were somewhat narrower (FWHM 16.5 and 14 cm −1 , respectively) than in the case of 514.5 nm laser light excitation (18 cm −1 each). This is even more noticeable for the purely 'bulk' LO 1 and LO 2 phonons: 8 and 11 cm −1 , respectively, for λ exc = 482.5 nm, and 11 and 13 cm −1 for λ exc = 514.5 nm (figure 5). It can be seen from figure 3 that in the case of λ exc = 482.5 nm the excitation energy coincides with the lowest-energy transition for the YS-18N sample, providing incoming resonance conditions. In this case the main contribution to the Raman spectrum comes from quantum dots with radii in the range |R e − R| < δR where R e denotes the radius for which the resonance is achieved. The δ R value can be estimated from the equation
where E µ is the energy of the excitonic state participating in the resonance and µ is the excitonic state lifetime broadening [21] . The calculations performed for glass-embedded CdSe quantum dots (R e = 2 nm) with a reasonable value of µ = 5 meV gave δ R = 0.02 nm [21] . In our case the dependence of Raman linewidths on the excitation wavelength results from the resonant Raman selectivity to the nanocrystal size and at λ exc = 482.5 nm only the nanocrystals matching the resonance conditions contribute to the scattering intensity. However, in our opinion, the range of the radii of such nanocrystals is much broader than δ R = 0.02 nm. Otherwise, since the beam was focused on a ∼1 µm spot (micro-Raman scattering) and, as follows from HRTEM data (figure 4), the nanocrystal size dispersion is about 20%, the scattering intensity would be much lower and strongly variable over the sample surface area, which is obviously not the case. For the average nanocrystal radius 3.6 nm (YS-18N sample) the ∂ E µ (R)/∂ R value is smaller; besides, at room temperature a higher µ value should be assumed. Both these factors result in higher δ R. Moreover, in our case of CdS 1−x Se x nanocrystalline solid solution, the resonant Raman process is also composition sensitive and resonance conditions are fulfilled not only for the nanocrystal size range δ R, but also for the compositional interval δx:
where f (x) is the nanocrystal composition distribution function over the ensemble. Therefore, in the case of the YS-18N sample δ R and δx values can hardly be estimated separately. An even more pronounced dependence of the Raman linewidth on the excitation wavelength is observed for selenium-rich nanocrystals. For example, as seen in figure 6 , for the sample KS-15N (x = 0.80, R = 3.1 nm) in the case of λ exc = 647.1 nm the LO 1 phonon peak at 206 cm −1 is quite narrow (5.5 cm −1 ) and practically symmetric while for λ exc = 428.5 and 514.5 nm it is much broader (12.5-14.5 cm −1 ) and asymmetric due to the surface phonon contribution. 428.5 and 514.5 nm excitation light falls rather deep into the absorption range while λ exc = 647.1 nm corresponds to a luminescence maximum of the KS-15N sample ( figure 3 ). This latter case seems to exhibit distinct nanocrystal size and/or composition selectivity which follows not only from the LO 1 phonon peak narrowing, but also from its much lower intensity (cf signal-to-noise ratio for λ exc = 647.1 and 482.5 nm in figure 6 ) at the same acquisition time.
Moreover, the surface phonon band appears to be quite sensitive to the Raman excitation wavelength. While being observed as a pronounced asymmetry on the lower frequency side of the LO 1 phonon peak at λ exc = 482.5 and 514.5 nm, it totally vanishes at λ exc = 647.1 nm. The surface phonon frequency is considered to be independent of the nanocrystal size [17] and rather weakly dependent on the composition of the CdS 1−x Se x nanocrystalline solid solution [15, 17, 20] , although experimentally in CdSe quantum dots a size-dependent surface phonon mode was reported [18] . One can suppose that the resonance enhancement of the LO 1 mode is probably much larger than that of the surface phonon. A similar behaviour when approaching the direct bandgap is reported for resonant Raman studies of GaP quantum dots [45] . However, in InAs/AlGaAs quantum dot structures resonant enhancement of interface modes is observed [46] , hence generally a similar behaviour could be expected for surface modes. An alternative explanation for the observed Raman line narrowing and vanishing of the asymmetry at λ exc = 647.1 nm can be the fact that in this case resonant excitation conditions correspond to the nanocrystals of larger size for which the surface-to-volume ratio is smaller, hence the surface mode scattering intensity is smaller as well [47, 48] .
As seen from figure 7, a similar LO 1 phonon band narrowing and lack of asymmetry at λ exc = 647.1 nm with respect to the case of higher-energy Raman excitation are observed for the KS-18N sample (x = 0.86, R = 3.0 nm). For this material λ exc = 647.1 nm corresponds to the incoming resonance with the lowest energy transition. Besides, here one can also observe the peak frequency of the LO 1 phonon to shift to 209 cm −1 with respect to 206 cm −1 for λ exc = 482.5 and 514.5 nm. Simultaneously, the position of the much weaker LO 2 phonon maximum is also dependent on the excitation wavelength (270-272 and 274 cm −1 , respectively). The LO 1 phonon peak narrowing (from 11 to 7.5 cm −1 ) and frequency shift under the excitation wavelength variation observed for both Stokes and antiStokes scattering unambiguously indicate the Raman scattering selectivity to the composition of CdS 1−x Se x nanocrystals due to the incoming Raman resonance. Moreover, as seen from the figure, the frequency positions of the 2LO 1 phonon peak in the second-order spectrum are also dependent on the excitation wavelength: 412 cm −1 (λ exc = 482.5 and 514.5 nm) and 418 cm −1 (λ exc = 647.1 nm) (see figure 7) . This difference (6 cm −1 ) is twice as high as the one observed for the LO 1 phonon position and considerably above the experimental resolution.
The qualitative observation of the resonant Raman selectivity for nanocrystals of certain compositional interval δx within the nanoparticle ensemble in the glass matrix is beyond any doubt. As to the quantitative estimations of the δx value as well as the evaluation of the compositional dispersion of the glass-embedded nanocrystals, they can be based on the difference between the CdSe-like LO 1 and CdS-like LO 2 phonon frequencies ω 2 − ω 1 as the measure of the quantum dot composition. The case of Raman excitation deep in the absorption range (λ exc = 482.5 and 514.5 nm) when the whole ensemble of the quantum dots contributes to the Raman process yields a value of ω 2 − ω 1 = 64 cm −1 corresponding to the average composition x = 0.86 (see figure 2 ). In the case of incoming resonance with the lowest energy transition (λ exc = 647.1 nm) ω 2 − ω 1 = 66 cm −1 corresponds to the value of x = 0.83 for the nanocrystals contributing to the resonant Raman spectrum. The difference between these compositions shows that the compositional dispersion δx for the CdS 1−x Se x nanoparticle ensemble in the glass matrix is at least 0.03 and therefore comparable to the accuracy in the determination of the CdS 1−x Se x nanocrystal composition by Raman spectroscopy. In fact, however, the determination of the nanocrystal composition merely on the basis of the LO phonon frequency difference in this case is encumbered by the low content of one component resulting in an increasing uncertainty of the corresponding LO peak position determination due to its weak intensity. In such a case the LO 1 to LO 2 phonon intensity ratio is often taken as a complementary measure of x [11, 30] . For the KS-18N sample this intensity ratio corresponds to x = 0.78 (λ exc = 482.5 nm), x = 0.83 (λ exc = 514.5 nm), and x = 0.91 (λ exc = 647.1 nm). Besides, since at λ exc = 647.1 nm both maxima shift towards higher frequencies with respect to the average values for the ensemble (see figure 7) , one may conclude that it is not only a pure change of x which is responsible for the nanocrystal composition variation within the nanoparticle ensemble.
Variation of x results in the change of the corresponding phonon frequency difference (convergence or divergence of the LO 1 and LO 2 phonon bands) while, as known from [26] [27] [28] [29] [30] , simultaneous shift of both maxima indicates the presence of zinc in the nanocrystals due to its diffusion from the zinc-containing matrix in the course of the nanocrystal ripening. Hence, similarly to the spread in selenium content x, there can exist a spread in zinc content y in the nanocrystals within the ensemble. Since the presence of zinc results not only in the upward shift of both LO 1 and LO 2 phonon frequencies, but also in a bandgap broadening, this can lead to the matching of the Zn-containing nanocrystals to the resonance conditions for λ exc = 647.1 nm and to the dependence of LO 1 and LO 2 phonons on the excitation wavelength observed in figure 7 . Hence, one may conclude that some of the nanocrystals in the ensemble can contain a noticeable amount of zinc, which in the case of the KS-18N sample is estimated from the Raman spectra as about 5% (for the nanocrystals matching the conditions of Raman resonance with λ exc = 647.1 nm). The actual values of x and y spread in the glass-embedded nanocrystal ensemble can be somewhat higher than those determined from the resonant Raman scattering since for a more exact determination a tunable-wavelength laser is required as well as, probably, a more extensive set of the samples with different nanocrystal sizes and compositions. However, in our opinion, even the qualitative observation of resonant Raman selectivity to the composition of individual nanocrystals within the glass-embedded CdS 1−x Se x nanoparticle ensemble as well as the rough estimations of the compositional spread are important since, as far as we know, no other techniques are capable of providing the corresponding data.
Conclusions
The analysis of resonant Raman scattering spectra of CdS 1−x Se x nanocrystals embedded in borosilicate glass in a broad compositional range, complemented with TEM, optical absorption and photoluminescence data, has revealed CdSe-and CdS-like LO phonon frequency and linewidth dependence on the Raman excitation wavelength. It is shown that in the case of incoming or outgoing resonance with an electronic transition the main contribution in the observed Raman spectra comes from nanocrystals in the ensemble the size and composition of which match the resonance conditions. As follows from the observed phonon lineshape, the contribution of surface phonons which do not exhibit such resonant behaviour is much smaller in this case. The estimations of CdS 1−x Se x compositional spread in the sample show that it is caused not only by the variation of selenium content within at least 3%, but also by partial (below 5%) substitution of Cd by Zn in some of the nanocrystals of the ensemble.
The obtained results contribute to the discussion on the applicability of Raman scattering for the determination of composition of dilute nanocrystals embedded in dielectric media. It can be concluded that the accuracy of the Raman technique within x = 0.02-0.03 [11, 35] is somewhat overestimated. In fact it is determined not only by the CdS-and CdSe-like LO phonon frequency difference, but also affected by several other effects, sensitive to the Raman excitation conditions. However, Raman spectroscopy still remains the most efficient and accurate technique to determine the composition of mixed semiconductor nanocrystals dispersed in a dielectric matrix.
